Background: Blood products derived from donors on medication can contain drugs which might pose a risk for the recipients or influence the quality of the product itself. Material and Methods: To judge the eligibility of blood donors on medication, 4 drug classes have been formed with respect to their pharmacological properties, and blood products have been divided in accordance with their single-donor plasma contents. Results: For drugs with dose-dependent pharmacodynamics, no deferral periods are necessary for donation of blood products containing less than 50 ml single-donor plasma for application to adults. Waiting periods of t max + 5 t 1/2 were calculated for the other blood products. Teratogenic drugs do not require special considerations (exception: retinoids, thalidomide and lenalidomide, dutasteride or finasteride with waiting periods for all blood products). A deferral period of t max + 24 t 1/2 is proposed for every blood product from blood donors on genotoxic drugs. Drugs without systemic effects can be neglected. Irreversible inhibitors of platelet function cause a 10-day waiting period if production of platelet concentrates is intended. Conclusion: Donors on medication are allowed to donate blood for blood products containing less than 50 ml plasma of a single donor, like red blood cell concentrates, for the use in adults without deferral periods, except those taking retinoids, thalidomide, lenalidomide, dutasteride, finasteride, or genotoxic drugs. 
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Schlüsselwörter

Introduction
Drugs with a potential to either reduce the quality of the blood product or to cause adverse effects in the recipient have been found in the blood of donors on medication [1] [2] [3] [4] [5] [6] . The issue of blood donors on medication was not addressed systematically until the landmark paper of Ferner et al. in 1989 [7] . More than 10 years later, their concept was further specified and adapted to developments in blood banking procedures by Stichtenoth et al. [8] . Recent European guidelines on blood donation require deferral periods for blood donors on medication, taking into account the underlying disease, as well as pharmacodynamic and pharmacokinetic properties of the drug(s) [9, 10] . However, at present no detailed transformation of guideline requirements into instructions for donor assessment can be found in the literature. To our knowledge, most of the blood banks do not defer donors for their medication, except after the use of teratogenic and platelet aggregation-inhibiting drugs [11] [12] [13] [14] . If detailed deferral periods are defined at all, they often are not based on the pharmacokinetics of the specific drug [15] . To increase the safety of blood products as requested by official guidelines and to minimize the exclusion of donors because of medication, it is necessary to develop a concept for the assessment of donors. We propose deferral periods based on the pharmacodynamic and pharmacokinetic properties of the drug as well as on the plasma content of the blood product and its dilution upon transfusion, i.e. considering the concentration the drug will reach in the plasma of the recipient. In addition, modern blood banking procedures, quality management, and developments in transfusion medicine must be taken into account. Moreover, the concept should be easily applicable at the donation site. In our article, we do not address chronic diseases or malignancies as a risk factor for the donor him/herself or the recipient of the blood product.
Material and Methods
Classification of Determinants
Factors determining admission or deferral of blood donors on medication are i) pharmacological properties of the drug, ii) concentration of the drug in the donor's plasma, and iii) type and uses of the blood product the donation is intended for.
Pharmacological Properties of Drugs
Drugs differ widely by structure, and pharmacokinetic and pharmacodynamic properties. However, for the purpose of blood donor eligibility, they can be classified as follows:
Class 1: Drugs requiring consideration because of dose-dependent effects, including drugs with teratogenic, embryo-or fetotoxic potential (e.g. retinoids, thalidomide, valproic acid, vitamin K antagonists).
Class 2: Drugs requiring special consideration because of risks for the recipient due to a non-threshold-related genotoxic mechanism to harm (e.g. some antineoplastic drugs).
Class 3: Drugs requiring no consideration because they lack systemic effects, have little pharmacodynamic potency or a very high therapeutic index (e.g. some herbal products), or agents for replacement of physiological metabolites (e.g. thyroid hormones, nutrients, vitamins).
Class 4: Drugs influencing the quality of blood products; this class presently includes inhibitors of platelet function (e.g. acetylsalicylic acid) only.
Concentration of Drugs in the Donor's Plasma
Drug concentration in donor plasma at the time of donation depends on the time of intake, dose, route of application, drug preparation, and pharmacokinetic characteristics. The time interval between drug intake and maximum plasma concentration (t max ) as well as the plasma elimination half-life (t 1/2 ) are crucial. T max depends on drug release and absorption, whereas t 1/2 is influenced by distribution, metabolism, and excretion. These parameters are drug-specific (absorption, distribution, metabolism, excretion) or preparation-specific (release). If pharmacologically active metabolites are formed, they have to be taken into consideration. Unbound drug molecules are directly available for interaction with target structures and may cause pharmacological effects in the recipient [16] [17] [18] . However, the protein-bound fraction has to be taken into account as a drug reservoir because drug binding is reversible and dynamic.
Blood Products
Whole blood is usually fractionated after donation, e.g. plasma is removed to prepare erythrocyte concentrates or sometimes platelets are prepared. Depending on the blood component(s) it is associated with, a drug can be enriched or depleted in the resulting products. In general, the transfusion process leads to dilution of the blood product and the drug(s) it may contain. The post-transfusion concentration of such drugs will depend on the initial concentration in the blood product, i.e. mainly on the proportion of plasma derived from a single exposed donor, and on the transfused amount relative to the plasma volume of the recipient. Different types of blood products contain different amounts of plasma from a single donor due to the way of preparation. For practical reasons, blood products can be classified as: i) blood products containing up to 50 ml/U single-donor plasma, e.g. red blood cell concentrates (RBCC), pooled plasma (PP); ii) blood products containing more than 50 ml/U single-donor plasma, e.g. whole blood (WB), fresh-frozen plasma (FFP), platelet concentrates (PC) unless suspended in additive solution, whether prepared from pooled buffy coats or by apheresis.
Basis for Calculating Deferral Periods
Class 1 Drugs
After a period of t max plus 5 plasma elimination half-lives following intake of a therapeutic dosage, approximately 97% of the drug are eliminated and the remaining plasma drug concentration is about 3% of the therapeutic drug concentration only. Therefore, the elimination then is estimated to be completed and no more dose-dependent clinical effects are to be expected [19] . Thus, 3% of a therapeutic drug concentration in the recipient's plasma after transfusion can be considered to be safe. Donor-derived drug concentration in the recipient's plasma after blood transfusion is mainly influenced by drug concentration in the donor's plasma at the time of donation and by component dilution in the recipient's organism.
Blood Products Containing 50 ml Single-Donor Plasma
Adults Plasma volume of normal adults is between about 39 and 44 ml/kg body weight [20, 21] . We defined 2,500 ml as an average plasma volume for a standard adult. When administering a blood product containing up to 50 ml single-donor plasma to a standard adult, the donor plasma is diluted about 50-fold. Assuming that the donation had been given at the time of t max , the recipient's drug level should be close to 2% which is below the 3% safety threshold. This threshold is kept if recipients' plasma volumes are above 1,670 ml.
Neonates and Children < 12 Years
The plasma volume of 12-year-old children is normally > 1,670 ml (average bodyweight of about 44 kg and plasma volume about 41-46 ml/kg), therefore dilution is sufficient [22, 23] . Administering a blood product containing up to 50 ml single-donor plasma to a newborn or a child < 12 years leads to a lower net dilution. Therefore, additional measures are required. A deferral interval of t max + 5 t 1/2 after drug intake until blood donation causes a reduction of drug levels to 3% of the therapeutic concentration in the donor's plasma. Based on pharmacologic considerations, this concentration is regarded as safe without any dilution. That is why we suggest a special group of blood products intended for children < 12 years (children RBCC) with deferral periods of t max + 5 t 1/2 .
Blood Products Containing > 50 ml Single-Donor Plasma
When transfusing a blood product containing more than 50 ml of singledonor plasma (average approximately 250 ml) to an adult, the dilution is only 10-fold and would result in plasma drug levels of about 10% of the therapeutic concentration in the recipient. In this case, a deferral period for blood donation is necessary in order to achieve the 3% threshold. Therefore, deferral intervals of t max + 5 t 1/2 guarantee that blood products containing more than 50 ml single-donor plasma can be safely administered to both newborns/children (< 12 years) and adults.
Teratogenic, Fetotoxic, or Embryotoxic Drugs
Teratogenic, fetotoxic, or embryotoxic substances act in a dose-dependent fashion. As far as is known, teratogenic effects require effective minimum (peak) concentrations during the organ-and drug-specific teratogenic 'time window'. For ethical reasons, threshold concentrations of prenatal toxicity have not been investigated in clinical studies. However, there is convincing evidence by published case reports and case series with known teratogens that 3% of the therapeutic level of a teratogenic drug does not cause birth defects. This can be concluded from observations of unplanned pregnancies where a teratogenic drug treatment was withdrawn only a few half-lives before conception, e.g. with isotretinoin, thalidomide, or vitamin K antagonists [24] [25] [26] .
Furthermore, requirements of drug manufacturers who normally tend to overestimate the teratogenic risk in their package leaflets to prevent any litigation indicate that a drug concentration of 3%, resulting from plasma dilution or a deferral period of t max + 5 t 1/2, is safe for the unborn child. For isotretinoin, apart from thalidomide one of the most potent teratogenic drugs in humans, a period of 1 month after termination of treatment until blood donation is required according to the manufacturer [27] . The longest elimination half-life reported is 167 h [28] . Thus, the required deferral period of 30 days is less than t max + 5 t 1/2 , and the resulting drug level may be higher than 3%. For acitretin, the manufacturer stipulates a 1-year deferral interval prior to blood donation, which is about 3 half-lives of its highly teratogenic metabolite etretinate (about 120 days) [29, 30] .
Animal experiments with dutasteride and finasteride indicated that testosterone-5-alpha-reductase inhibitors may have the potential to cause genital abnormalities in male fetuses but there is no evidence so far that this means a risk for humans too [31] [32] [33] . According to the American Association of Blood Banks' (AABB) medication deferral list, the U.S. Food and Drug Administration (FDA) recommends a deferral period of 6 months for dutasteride. This correlates with the deferral period of 25 weeks calculated by t max (1-3 h) plus 5 t 1/2 (3-5 weeks) [13, 32, 34] . For finasteride, the FDA and AABB recommend a 1-month deferral. T max is 2 h and t 1/2 3-14 h resulting in a 3-day deferral calculated by t max + 5 t 1/2 . The mean steady-state blood level is 9.2 ng/ml after 1 mg, and after an oral dose of 5 mg a peak plasma concentration of 38.1 ng/ml is reported. [35] [36] [37] . Levels decrease to about 0.3 ng/ml (for 1 mg dose) and about 1.2 ng/ml (for a 5-mg dose) within 3 days (t max + 5 t 1/2 ). Transfusion of 250 ml plasma containing 1.2ng/ ml finasteride would supply about 300 ng finasteride in total. As indicated by data from a toxicological study on monkeys and the fact that 5 µg is the minimum dose to reduce dihydrotestosterone levels in man, a 3-day medication-free interval should be safe [13, 31, 33, 35, 36] .
In conclusion, transfusion of blood products contaminated with teratogenic, fetotoxic, or embryotoxic substances to pregnant women is safe for the unborn child if the final concentration in the mother's plasma is 3% or less of the therapeutic concentration. This can be guaranteed by dilution of plasma in the recipient or by applying donor deferral intervals of t max + 5 t 1/2 . For the most potent human teratogens -the retinoids, thalidomide, and its analogue lenalidomide (t 1/2 < 10 h) -a t max + 5 t 1/2 deferral interval should be applied in any case to expand the safety margin. If, as for retinoids, a donor deferral period is required in the drug's product information, the deferral times for all blood products should follow these guidelines. Respecting the authority of the FDA, we apply deferral periods for all blood products also for dutasteride and finasteride as given in the FDA guideline, although there is no evidence that these drugs cause birth defects in humans, especially not in concentrations up to 3%.
Class 2 Drugs
Substances that have been found to be genotoxic in humans usually are excluded from registration as a drug. Exceptions are only made for drugs for severe indications like cancer. In principle, threshold levels for genotoxicity cannot be defined because even a single molecule that reaches the DNA might have an effect. Therefore, not dilution factors after transfusion but the total dose of the genotoxic substance are relevant in this case. For the assessment of genotoxic impurities in active substances, the European Medicines Agency (EMEA) released the 'Guideline on the Limits of Genotoxic Impurities'. If a no-effect level cannot be defined, genotoxic substances should be avoided or exposure to them be minimized. If reduction is not possible, up to 1.5 µg/day of a genotoxic substance is considered to be safe because of the resulting low risk of genotoxicity (threshold of toxicological concern, TTC) [38] . Following the TTC, the amount of genotoxic substances per blood unit should be at maximum 1.5 µg. This extrapolates the tolerable total amount to 15 µg (if blood products containing up to 250 ml plasma of a single donor are intended) or 75 µg (for blood products with a maximum content of 50 ml single-donor plasma) in whole plasma of the blood donor (2,500 ml). To transfer this value into resulting deferral periods, drug doses must be taken into account as explained in the following example:
Depending on diagnosis, doses of up to 8,000 mg/m 2 body surface of the alkylating drug ifosfamide are applied daily to a patient, resulting in 16,000 mg ifosfamide for an adult of 1.8 m height and 80 kg body weight with 2 m 2 body surface, which is about 1.07 million times 15 µg [39, 40] . A deferral time of t max + 20 t 1/2 leads to 15.3 µg ifosfamide in the donor's body. As most drugs for treatment of cancer are definitively genotoxic and bioavailability through blood transfusion is 100%, we propose a deferral period of t max + 24 t 1/2 , resulting in about 1 µg ifosfamide in the donor. This introduces an additional safety factor of 15. Most genotoxic drugs are used in much lower doses and usually substantial amounts of the agent are distributed to body compartments outside of the donor's plasma so that the resulting risk should be acceptable even if the genotoxic drugs accumulate in the donor's body [41] . In contrast, drugs showing genotoxic potential in preclinical tests only without clinical evidence of harm in humans are considered to be safe at concentrations of 3% after transfusion. Literature on them should be monitored permanently.
Class 3 Drugs Class 3 drugs requiring no deferral interval include:
Poorly Absorbed Drugs Some drugs, e.g. colestipol, nystatin or pyrantel, do not show important systemic effects. Due to their structure, properties or routes of administration, they are only poorly absorbed and in consequence are not present in plasma.
Replacement of Physiological Metabolites
Vitamins, enzymes, and hormonal preparations for replacement or contraception are also considered to be safe without deferral periods because Becker/Stichtenoth/Wichmann/Schaefer/ Szinicz they normally do not exceed the endogenous levels of corresponding compounds or do not cause adverse effects. As an exception, high doses of vitamin A must be considered as a class 1 drug, because of the potency to cause birth defects. For reasons of contraceptive safety for the donor after admission of low-dose gestagens, plasmapheresis must be delayed for up to at least 3 h after medication, following the guideline of the German authority Paul-Ehrlich-Institute [10] .
OTC Drugs and Herbal Drugs
Although numerous drugs (e.g. herbal drugs) and nutrients are available as 'over-the-counter drugs' (OTC drugs) without prescription, some of them exhibit quite strong effects and interactions, like St. John's Wort [42] . Therefore, their pharmacodynamics and therapeutic index should be taken into account in an individual assessment, whether or not they are in fact class 3 or belong to class 1 or class 2.
Class 4 Drugs
Some drugs inhibit platelet aggregation, e.g. the non-steroidal antiinflammatory drugs (NSAID). Therefore, special care is advisable if production of platelet products is intended. Most of these drugs show a dose-dependent reversible inhibition of platelet aggregation, so the influence ends with the elimination of the drug. Waiting periods of t max + 5 t 1/2 as for class 1 drugs are sufficient.
A small number of drugs inactivate platelets irreversibly, like aspirin, clopidogrel, and ticlopidine. Their effects do not end with their elimination. Therefore, normalization of hemostasis is due to production of new platelets. While some regulative authorities recommend deferral of 5 days only for aspirin and clopidogrel and 14 days for ticlopidine, we suggest a deferral period of 10 days for all of them, because the lifetime of human platelets is approximately 10 days (7-14 days) with 10% of circulating platelets being replaced daily [12, 14, 17, 43, 44] . Although the terminal plasma elimination half-life of ticlopidine is about 50 h, platelet function returns to normal values within 10 days after the last dose, and surgery is allowed [45] .
Inhibition of platelet aggregation is also reported for the selective serotonin reuptake inhibitors (SSRIs), probably via a blockade of serotonin reuptake in platelets [46, 47] . Calculation of t max + 5 t 1/2 results in deferral periods of several days (e.g. citalopram 8 days, paroxetine 5.5 days, sertraline 6 days, fluvoxamine 5 days, and fluoxetine 7 weeks, approximately) [48] [49] [50] [51] [52] ; this appears to be sufficient as evidence for an irreversible mechanism of inhibition is missing and literature reports only a small number of bleeding complications.
Results and Recommendations
Our proposal for eligibility of blood donors on medication is as follows:
Class 1 Drugs a) Donors on medication with class 1 drugs should be admitted for blood products containing up to 50 ml single-donor plasma for application to adults. b) Donors on medication with class 1 drugs intended for blood products to be used in newborns or children < 12 years or for products containing more than 50 ml single-donor plasma should be admitted for blood donation after a medication-free interval of t max + 5 t 1/2 only. c) Teratogenic, fetotoxic, or embryotoxic drugs do not require special treatment, a) and b) are valid. However, for the most potent human teratogens, the retinoids, thalidomide, and its analogue lenalidomide as well as for dutasteride and finasteride, a t max + 5 t 1/2 deferral interval should be applied for any blood product as long as there is no other deferral time required in the product information or by an authority.
Class 2 Drugs
Treatment of the donor with drugs with genotoxic potential requires a deferral interval of t max +24 t 1/2 for all blood products or general exclusion from donation because of the underlying disease.
Class 3 Drugs
Class 3 drugs do not require any deferral period.
Class 4 Drugs
Medication with irreversible inhibitors of platelet aggregation (acetylsalicylic acid, clopidogrel, ticlopidine) requires deferral for 10 days if production of platelet concentrates is intended, while for reversible inhibitors of platelet aggregation a deferral period of t max + 5 t 1/2 is sufficient. This is also valid for plasma-poor platelet concentrates suspended in additive solution instead of plasma. If production of other blood products is intended, class 4 drugs have to be considered as class 1 drugs.
The above considerations of class 1 to class 4 drugs are also valid if whole blood is donated for fractionation and further processing to different products. The content of single-donor plasma in the final product is the relevant criterion in deciding whether deferral is necessary or not.
Practical Approach at the Blood Bank of the Bavarian Red Cross
An algorithm for simplifying the determination of deferral periods for blood donors on medication with respect to different blood products is shown in figure 1 . Furthermore, calculations according to the above shown principles have been performed for the most common drugs and compiled both in a list and an electronic database. This allows to search for international nonproprietary names (INN) as well as for trade names. Different drug preparations and routes of application were taken into consideration when a special drug release, absorption, or systemic availability is relevant for deferral periods. All drug products have been calculated individually. Generally, the pharmacokinetic data derived from product information and longest t max and half-lives reported were used for calculations. When active metabolites of the substances are formed, deferral periods were calculated both for drug and active metabolites and the longer periods were used. In the case of drug combinations, deferral periods were calculated with respect to the drug with the longest elimination time (for examples see  table 1 ). If a drug is not listed, donors are acceptable only if genotoxic substances (class 2 drugs) or retinoids, thalidomide, lenalidomide, dutasteride, or finasteride are not present and RBCC or PP (up to 50 ml single-donor plasma) for the use in adults are intended. In this way, the responsible physician can decide easily which donor can give blood for which purpose.
Becker/Stichtenoth/Wichmann/Schaefer/ Szinicz Discussion Our detailed concept is aimed at providing blood banks with a tool to comply with European guidelines on blood donation while minimizing deferral of donors. Use of drugs is widespread among potential blood donors, and due to progressive aging of the population it is to be expected that the number of blood donors on medication will rise [11, [53] [54] [55] [56] . Many of them are on long-term treatment. Their exclusion would decrease the availability of donors dramatically. Following our concept, all donors on medication (except for retinoids, thalidomide, lenalidomide, dutasteride, finasteride, or genotoxic/cytostatic drugs) may be accepted if blood banks separate donor blood for distinct purposes, i.e. newborns and children < 12 years only.
Our concept has some limitations. One of the basic assumptions is that the safe concentration of a drug (without special risks) for the recipient is 3% of its maximum therapeutic level. This is achieved by deferral periods or dilution of the plasma content in the recipient by transfusion. The real concentration in the donors' plasma depends on the incorporated dose. If a donor is treated with higher doses than normal, higher drug levels will result. Furthermore, excretion rates in donors can differ depending on genetic predisposition or diseases of the excretory organs, which can result in longer half-lives and consequently higher drug levels at the time of donation. Also, transfusion of more than 1 unit of a blood product from the same donor or pooling of blood of donors on the same medication could result in drug concentrations in the recipient's plasma higher than 3% of the therapeutic concentration in the donors' plasma. However, this scenario appears unlikely because of scattering of blood products on processing, storage, and distribution as well as limited donation frequency. To provide safety, we have used the highest values for a nonpathologic t max and t 1/2 reported in the literature. In addition, our calculations do not include further reduction of the drug level in the recipient's plasma by distribution into other compartments or degradation of the drug during storage of the blood products.
Red blood cells can contain drugs as well as plasma, either in the cytosol or bound to the surface proteins. Normally, binding and penetration are reversible processes. Thereby, after transfusion of a whole blood unit or RBCC, redistribution into the plasma of the recipient will occur. However, this should not result in a substantial increase of the drug level in plasma because these drugs, if they are able to leave the donors' erythrocytes, will bind again to the erythrocytes of the recipient or penetrate into them [16] . Furthermore, plasma half-live determinations consider redistribution phenomena and thereby are included in our calculations.
A fundamental problem in preventing risks from drugs in blood products is the incomplete anamnesis of donors' present and earlier medications. Intentionally or unintentionally, donors may withhold such information. Several studies reported drugs in donor blood without declaration of medication in the questionnaire, the frequency being between 6 and 11% [1] [2] [3] [4] [5] 11] . According to our experience, this may partly be due to the donors' knowledge of deferral criteria combined with a strong motivation for donating blood. Our proposal is not to defer donors on medication in general but to decide instead for which recipient the product would be appropriate. We therefore expect that our concept will lead to more precise and complete information provided by donors, resulting in safer blood products. Application of this concept also supports blood donors and their physicians in searching for alternative long-term medications without the need for donor deferral. However, medication should not be stopped because of an intended blood donation.
Our aim was the protection of the recipient from adverse effects by drugs in blood products. Additionally, this may also increase safety for the donor. Especially in the case of plasmapheresis, appropriate abstinence periods from donation will help to prevent unintentional reduction of plasma drug levels necessary for an effective treatment of the donor [10] .
General Comments
Our concept is aimed at risks posed by drugs in blood products only. Therefore, it should be embedded into a quality management system considering all other requirements and regulations for blood donation.
Conclusion
The presented concept was developed to provide blood banks with a tool to comply with European guidelines on blood donation while minimizing deferral of donors. It has been designed to support blood banks in coming to a decision whether a blood donor on medication has to be rejected or not. Following this, patients on medication are allowed to donate blood for the preparation of blood products containing less than 50 ml plasma volume of a single donor, like RBCC, for the use in adults without deferral periods, except those taking genotoxic drugs, retinoids, thalidomide, lenalidomide, dutasteride, or finasteride. Therefore, even long-term drug therapy is not a criterion for general exclusion from blood donation.
